Freeze-fracture electron microscopy has been a major technique in ultrastructural research for over 40 years. However, the lack of effective means to study the molecular composition of membranes produced a significant decline in its use. Recently, there has been a major revival in freeze-fracture electron microscopy thanks to the development of effective ways to reveal integral membrane proteins by immunogold labeling. One of these methods is known as detergent-solubilized Freeze-fracture Replica Immunolabeling (FRIL).
Introduction
The definition of the functional architecture of biomembranes at nanometer scale has been challenged in recent years by the development of a number of immunolabeling techniques suitable for transmission electron microscopy. However, these techniques, e.g., pre-and postembedding immunogold, have a number of important limitations, which include poor detection of antigens and/or limited quantitative assessment of membrane-bound proteins. These limitations become particularly critical in the investigation of the fine structure of the nervous system, which is characterized by a high degree of cell diversity and synapse heterogeneity. This heterogeneity results from both structural and functional diversity dictated by the pre-and postsynaptic elements and by the differential expression, enrichment, or interaction of signalling proteins, such as receptors, transporters, and effector molecules.
A new approach for direct immunolabeling of integral or cross-linked membrane proteins in detergent-solubilized freeze-fracture replicas (FRIL) was originally introduced by Fujimoto two decades ago 1 The FRIL technique offers the great advantage of a highly quantitative in situ identification of one or more proteins (simultaneously) in histologically mapped and cytologically identified cells within complex tissues such as the brain, with the additional advantage of a planar view of pre-and postsynaptic elements in a single replica. Therefore, the FRIL technique, despite its many technical hurdles, holds the promise for a number of very significant scientific breakthroughs, particularly for the correlation of structural and functional properties of individual synapses. During the last several decades, a great deal of information has been obtained on the structure, molecular make up, and physiological function of synapses; yet synapses are morphologically and molecularly highly diverse depending on the pre and postsynaptic parent neurons 4 . Only for a handful of synapse types were structure-function studies accomplished so far [5] [6] [7] . This was mostly due to technical constrains that prevented a precise identification of the nature of the pre-and postsynaptic elements.
Ultrastructural analysis has provided critical insights into the variability of postsynaptic membrane specializations across distinct synaptic contacts both in terms of synaptic size and content in neurotransmitter receptors 6 , which has a large impact on the strength and plasticity of synaptic transmission. Furthermore, a large body of research indicates that the number of ionotropic glutamate receptors expressed at different types of synapse is regulated in an afferent-and target-dependent fashion [7] [8] [9] [10] .
Here, a method is outlined that allows analysis of the structure and receptor composition of postsynaptic membrane specializations with defined presynaptic elements and function. This approach takes advantage of presynaptic expression of recently developed light sensitive algal proteins, such as channelrhodopsin2 (ChR2), and of the FRIL technique to analyze the pattern of postsynaptic expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA-Rs) and N-methyl-D-aspartate (NMDA-Rs) glutamate receptors. This is demonstrated at synapses formed by axons originating from the posterior thalamic-medial geniculate nuclei (PIN/MGn) onto neurons of the intercalated cell masses of the amygdala (ITC). ITC neurons are small spiny GABAergic cells organized in clusters surrounding the basolateral amygdaloid complex (BLA) 11, 12 . ITC neurons are known to receive excitatory inputs from BLA principal neurons and to target the central nucleus (CeA), thus functioning as an inhibitory gate for the information flow between the BLA and CeA [12] [13] [14] [15] .
Recently, we demonstrated that ITC neurons located in the medio-dorsal cluster between BLA and CeA also receive direct and convergent excitatory inputs from sensory thalamic and temporal cortical regions, which are modified upon fear learning during Pavlovian auditory fear conditioning 16 . Fear conditioning is one of the best understood forms of associative learning in terms of brain mechanisms. In fear conditioning, an initially neutral conditioned stimulus (CS, e.g., a tone) is paired with an aversive unconditioned stimulus (US, e.g., a mild foot shock) resulting in a CS-US association and conditioned fear response 17, 18 . Excitatory inputs from both thalamic and neocortical areas, which carry information representing the CS and US, respectively, were known to converge onto pyramidal neurons of the lateral nucleus of the amygdala (LA) and to undergo plasticity 19 . Our previous work revealed that sensory input information is also in parallel relayed to ITC neurons 16 .
As a first step towards a mechanistic molecular analysis of individual sensory input synapses onto ITC neurons, we used an adeno-associated virus (AAV) to express ChR2 tagged with the yellow fluorescent protein (YFP). The AAV was injected into the PIN/MGn and the axon terminals were identified by their expression of ChR2-YFP. We used both faces generated by the FRIL technique to assess the density of postsynaptic AMPA-Rs and NMDA-Rs at synapses formed with ITC neurons by PIN/MGn axon terminals.
Protocol
Procedures involving animal subjects have been approved by the Regierungspraesidium Tübingen, State of Baden-Württemberg, Germany, and by the Austrian Animal Experimentation Ethics Board, and were in accordance with the EU directive on the use of animals in research. buffer saline (PBS; 25 mM, 0.9% NaCl, pH 7.4). Fill the glass pipette by using a 10 µl pipette and gel-fil tips. For the viral construct, use rAAVhSyn-ChR2(H134R)-eYFP (serotype 2/9). 4. Anesthetize mouse using a small animal anesthesia device (3% isoflurane in oxygen for induction). Use. For this study, use 3 wild-type mice aged ~6 weeks. 5. Shave head between ears and eyes and disinfect with a povidone-iodine based solution. 6. Apply an eye ointment to prevent drying of eyes during anesthesia. Subcutaneously inject mouse with analgesic (meloxicam-based, 0.1 ml of a 5 mg/ml solution). 7. Place mouse in stereotactic frame and maintain anesthesia via a gas anesthesia device (2% isoflurane in oxygen for maintenance). Check anesthesia depth by lack of a limb withdrawal reflex before continuing. 8. Maintain sterile conditions as best as possible during the entire surgical procedure. Wear a disposable face-mask, a surgical gown and gloves. 9. Make a skin incision of approximately 1 cm on top of the head using scissors 20 ( Figure 1B ,E) and a hinged "double replica table" (see Figure 3B ), which when opened produces a tensile fracture through the frozen specimen (Figure 2 ). This allows to retain and replicate both sides of the fractured specimen.
Stereotactic Injections of AAV-Channelrhodopsin2-YFP
1. Polish copper carriers with a tarnish remover using a sheet of chamois skin. 2. Place carriers in a glass pot and clean twice with a non-ionic detergent (pH ~1.5) in a sonicating water bath, then extensively wash in tap water followed by deionized water and then rinse twice with ethanol. 3. Sonicate the copper carriers in acetone for 15 min. 4. Place the carriers on filter paper to dry. 5. Attach a ring of double-sided tape to a copper carrier ( Figure 1C ), which will serve as the holding well for the trimmed block (holding carrier).
2. Freezing of the specimen NOTE: Handle liquid nitrogen with care and wearing appropriate goggles. 1. Turn on the high pressure freezing unit ( Figure 1F ) at least 1.5 hr before starting with the specimen freezing. 2. Start heating by pressing the "AIR HEATER" button, and bake out for 50 min. Set air temperature to 80 °C. 3. Connect the nitrogen tank to the high pressure freezing unit and press the "NITROGEN" button to fill the inside Dewar with liquid nitrogen. The "NITROGEN LEVEL" lamp lights up. Start cooling by pressing the "Cooling" button. 4. Press the "DRIVE IN" button when the "NITROGEN LEVEL" goes out. Check that the hydraulic system moves the piston back and forth 3 times. 5. Press the "AUTO" button, and the "NITROGEN" button. As soon as "READY" lights up, the high pressure freezing unit is ready for high pressure freezing. 6. Place a trimmed block in the hole of the double-sided tape ( Figure 1B ) using a platinum wire loop which has been melted into a glass pipette. 7. Remove the excess of the cryoprotectant solution using filter paper or a brush.
NOTE: This procedure is also important to remove air bubbles that may form around the tissue and which could cause distortion of the tissue shape and/or ultrastructure. 8. Under a stereomicroscope, cover the holding carrier with another carrier, so that the tissue block is sandwiched between the two carriers. 9. Insert the carrier-sandwich into the specimen holder of the high pressure freezing unit ( Figure 1D ). Insert the specimen holder into the high pressure freezing unit (tip down) and secure it by screwing in the specimen holder. 10. Initiate the freezing cycle by pressing the "Jet-Auto" button. Working as quickly as possible, remove the specimen holder and submerge the tip with liquid nitrogen into an insulated box. Immerse the tips of two pairs of forceps in the liquid nitrogen to cool them. 11. Carefully remove the carrier-sandwich from the specimen holder and place it in a pre-chilled cryovial. Make sure that the carriers are only handled with liquid nitrogen-cooled forceps. Cryovials should be perforated to allow the nitrogen to flow out from the vial ( Figure  1G ). 12. Repeat steps 3.2.6 to 3.2.11 until all desired samples have been frozen. Multiple carrier-sandwiches containing the same type of sample can be stored in the same vial. 13. Store the cryovials containing the carriers in a cryotank until replication ( Figure 1H ). 
Freeze-fracture and Replication

Preparation of the electron beam guns
1. Before inserting the electron beam guns, remove the shield with the "deflector plate". Place the "setting gauge" for centering the filament into the collet chuck through the lower cathode cover. NOTE: The larger diameter end of the setting gauge is used for the carbon gun whereas the smaller diameter end is for the platinum gun. 2. Slide the new filament over the gauge until "the pressure laminae" can clamp the ends of the filament, ensuring that the filament coil does not lie at an angle. 3. Remove the setting gauge and insert the carbon rod. Fix it by tightening the collet chuck of the evaporator rod holder, ensuring that the height of the end of the rod is at the middle of the second coil from the bottom. For the platinum gun, the height of the end of the platinum rod should be at the middle of the second filament coil from the top. 4. Replace the deflector plate and insert guns into the freeze fracture unit. Clean the guns with a sand-blaster after usage. 2. Set up of freeze fracture unit 1. Switch on the freeze fracture unit ( Figure 3A) by turning MAINS to 1. For a detailed description of the freeze-fracture and replication procedures, see operating instructions provided by the manufacturer. 2. Prior to cooling the freeze-fracture device, bake out the entire cooling system of the unit with warm air. Press the "Thawing" button in the MTC 010 device (temperature control unit) ( Figure 3A ) and let the bake out process run for 45 min. 3. Activate the vacuum station. The freeze fracture unit usually operates in a vacuum range of ~10 -6 -10 -7 mbar.
4. Fill nitrogen tank and connect it to the freeze fracture unit. Check that the valve holder is dry and also clean the entry of the tank before insertion of the valve holder (humidity can interfere with vacuum and indication of N 2 filling of the tank). (Figure 3A) . 7. Replicate the exposed surfaces of the fractured tissue ( Figure 3C ) by evaporation of carbon (rotating) by means of an electron beam gun positioned at a 90° angle to a thickness of 5 nm, followed by a unidirectional shadowing with platinum-carbon at a 60° angle to a thickness of 2 nm. Finally, apply a 15 nm thick layer of carbon from a 90° angle (rotating). 
Immunolabeling
NOTE: All incubations are performed at RT with gentle shaking, except for incubations with antibodies. , n = 11). These were in a similar range as previously analyzed telencephalic glutamatergic synapses 25 .
In both spines and dendrites, the number of gold immunoparticles for AMPA-Rs in individual synapses was positively correlated with the synaptic area (Spearman, spines: r = 0.88, dendrites: r = 0.60, p<0.0001) (Figure 6E) . Conversely, the number of gold immunoparticles for NMDA-Rs was found to correlate with the synaptic area in spines (Spearman, spines: r = 0.90, p<0.002) but not in dendrites (r = 0.21, p = 0.29) (Figure 6F ).
Discussion
Freeze-fracture electron microscopy has been a major technique in ultrastructural research for over 40 years. However, the lack of effective means to study the molecular composition of membranes produced a significant decline in its use. Recently, there has been a major revival in freeze-fracture electron microscopy due to the development of effective ways to reveal integral membrane proteins by immunogold labeling 1, 2 , namely the FRIL technique.
The FRIL technique possesses several advantages over other immunogold ultrastructural methods. First, proteins are readily accessible to antibodies increasing the sensitivity. Second, exposure of large portion of plasma membrane specializations, such as the postsynaptic membrane, on the two-dimensional surface of the replica allows the inspection of the spatial distribution and physical contiguity of molecules of interest without laborious and time-consuming reconstruction of serial ultrathin sections. Third, the availability of both halves of the plasma membrane increases the number of proteins that can be labeled for each individual structure, provided suitable antibodies are available. Upon fracturing, the hydrophobic face of the split membrane is coated with carbon-platinum that entrenches protein domains remaining on the fractured surface. This prevents access of antibodies to antigens in these domains. For instance on the P-face of a replica only epitopes facing the protoplasmic space can be detected by antibodies, whereas on the E-face only epitopes facing the exoplasmic space can be bound by antibodies (see Figure 2) .
On the other hand, the FRIL technique also suffers from certain limitations 2 . As fractures occur randomly, it might be difficult to target specific cells or structures. This can also lead to a sampling bias, e.g., in synapse collection, given the different probability of fracturing along the membrane of structures with different curvature (e.g., spines versus shafts). Moreover, the allocation of membrane proteins to one of the two faces is unpredictable. Therefore, the distribution of a protein to the P-face or E-face, particularly for quantitative studies, should be carefully examined using antibodies reactive to intracellular and extracellular domains. Finally, the identification in the replica of certain structures, such as presynaptic axon terminals, can be difficult when based only on morphological features. However, the use of specific antibodies for marker proteins or the transduction of tagged integral membrane proteins or channels using viral vectors offers additional tools to facilitate identification of the fractured membranes. For example, this study took advantage of the transduction of ChR2-YFP in thalamic neurons to identify their axonal efferents in the amygdala or the labeling for µ-opioid receptors to reveal postsynaptic membranes of ITC neurons.
In order to perform the FRIL technique successfully, particular care should be taken concerning tissue fixation. Strong tissue fixation (> 2% paraformaldehyde) can result in a high rate of cross-fractures and a decrease in labeling sensitivity. On the other hand, weak fixations make the tissue handling and preparation (e.g., cutting of sections) difficult. It is also important to control that the thickness of the trimmed blocks matches the thickness of the double-sided tape. If the thickness of the specimen is lower than that of the tape, the surfaces of the tissue might not attach to the surface of the two metal carriers, consequently the frozen specimen is not fractured. If the tissue is thicker, it will be compressed with inevitable structural distortions when the sandwich of the two copper carriers is made. The temperature at which the specimen is fractured (in this protocol, -115 °C) plays also an important role on the structure of the replica. Higher temperatures may produce a higher rate of artifacts such as condensation of water vapor on the surface of the tissue prior or during evaporation. Lower temperatures (< -125 °C) may increase the risk of splitting off of material during fracturing. This material may fall onto the surface of the specimen or stay connected to it. These flakes of material are also coated and contrasted producing dark spots on the image. Fracturing at lower temperatures can also affect the frequency of cross-fractures particularly for small fine structures such as dendritic spines. A further critical step in the preparation of replicas is the detergentdigestion. If the digestion is incomplete, the undigested tissue appears as dark patches on the replica, confounding the analysis of the structure at the TEM. Moreover, the undigested tissue can non-specifically trap or bind antibodies, increasing the background labeling. On the other hand, the use of detergents for tissue digestion can denature the molecules associated to the replica altering their secondary and tertiary structures. Therefore, for certain antigens it might be necessary to gradually dilute the concentration of SDS with additional washing steps.
For immunolabeling, the availability of different sizes of gold particle conjugated to secondary antibodies allows to detect at the same time, but only qualitatively, multiple proteins, even in specific microdomains of the plasma membrane, such as the postsynaptic specialization. However, due to steric hindrance, quantitative studies are generally limited to the detection of just one molecule. The size of the gold particle can also affect the labeling efficacy.
For the interpretation of the labeling in FRIL, it should be kept in mind that the immunogold particle can be located anywhere within a hemisphere with a radius of 20-25 nm from the antigen due to the flexible complex formed by the primary and secondary antibody 26 . For further information on the theory and practice of FRIL and related techniques, we refer the reader also to other methodological articles 27, 28 .
The FRIL technique has been recently used for high-resolution quantitative analyses of glutamate receptor localization in diverse synapse populations 29, 30 . Moreover, the detection sensitivity of the FRIL technique for AMPA-Rs was estimated as high as one immunogold particle per one functional AMPA-R channel 29 . Thus, this approach is overall very useful to quantify and analyze the pattern of postsynaptic expression of AMPA-Rs and NMDA-Rs at central synapses. Here, we demonstrated its applicability at PIN/MGn-ITC synapses, a site most likely important for relaying US information during fear conditioning. Using an antibody raised against the highly conserved extracellular amino acid residues of the AMPA receptor subunits GluA1-GluA4, we found an even distribution of gold particles within IMP clusters corresponding to postsynaptic membrane specializations. The density of AMPA-Rs in ITC spines was significantly higher compared to shaft synapses targeted by PIN/ MGn thalamic afferents. At both spine and shaft synapses, a positive correlation between labeling for AMPA-Rs and postsynaptic area was detected, a feature common to other glutamatergic synapses 25 . The low variance in density of AMPA-Rs in PIN/MGn-ITC synapses indicates a homogeneous distribution similar to other synapses formed by thalamic efferents 7 , but different from cortical synapses 25 . Conversely, the density of NMDA-Rs was more variable and did not differ between spine and shaft synapses suggesting a different regulation than AMPA-Rs. In the future, the high reproducibility of the FRIL technique will not only allow to assess the basal molecular composition of central synapses but may facilitate detection of changes in ionotropic glutamate receptor numbers and subsynaptic distribution after fear learning, complementing exvivo recordings of pre-and postsynaptic properties of these inputs.
In conclusion, this approach could be used by other investigators to gain insights into structure-function relationships of input-specific excitatory synapses in many other neural circuits in which disentangling the origin of the inputs and the nature and composition of postsynaptic elements is crucial but problematic.
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